In discussing the principles of quantitative analysis in thinlayer media, we show that requirements for quantitative analysis are not satisfied when stained protein electrophoretic bands are scanned with a conventional rectangular-slit densitometer. We investigated a high-resolution densitometer based on a linear photodiode array as an alternative analytical tool, using stained electrophoretic bands of radiolabeled human serum albumin as a simplified model for results of serum protein electrophoresis. Identical protein bands scanned with both the high-resolution densitometer and a conventional densitometer were quantified with improved accuracy and precision by the new instrument. We also used the high-resolution densitometer to develop a computer model for performance characteristics of a rectangular-slit densitometer.
Chemical analysis in thin-layer media has become an important analytical tool in the clinical laboratory (1) (2) (3) , as demonstrated by electrophoresis of proteins and isoenzymes and thin-layer chromatography (TLC). The use of twodimensional electrophoresis of proteins, a powerful research tool, is increasing in clinical diagnosis (4) . Although thinlayer separation methods have traditionally been qualitative or semiquantitative, the recent introduction of dry-ifim multilayer reagents has demonstrated that these methods can produce accurate and precise results (5, 6) .
Quantitative analysis of thin-layer separation methods requires fulfilment of several basic criteria: #{149} The analyte or analytes of interest must be retained quantitatively in the thin-layer support during the separation process. This requirement is generally fulifiled in clinical electrophoretic and TLC methods. #{149} After the separation step, a chemical reaction generates a chromophore or fluorophore in the support medium wherever the analyte is present. The amount of chromophore generated by this staining reaction should be proportional to the mass of analyte present (7).
#{149} The chromophore must be quantitatively measured in situ in the thin-layer support. This last requirement defines the scope of densitometry, and the lack of adequate densitometric measurements has been a major obstacle to implementation of accurate and precise quantitative methods with thin-layer media (8) . The theoretical and technical limitations of traditional densitometric methods have been discussed by several authorn (7, 8) , who generally agree that the rectangular-slit design of conventional densitometers limits the potential 
Materials and Methods

Instrumentation.
For NJ 08854) and eluted the labeled albumin with more of the same sodium phosphate buffer. The labeled albumin was eluted in the void volume. We used it without further purification. The specific activity of the 'I-labeled albumin was about 5 Ciig. We then added 0.1 mL of the radiolabeled albumin to 50 mL of 40 g/L human albumin in phosphatebuffered saline and serially diluted to obtain labeled albumin solutions of 40, 20, 10, 5, and 2.5 g/L.
Protein electrophoresis.
We used the "Zip Zone" electrophoresis system (Helena Laboratories) to prepare stained albumin bands. Known concentrations of labeled human serum albumin were applied to presoaked cellulose acetate sheets with the manufacturer's applicator. After electrophoretic migration, the albumin samples were fixed and stained with Ponceau S, according to the Helena protocol for serum protein electrophoresis (9) . The cellulose acetate sheets to be scanned with the densitometer were cleared according to the manufacturer's directions. In other experiments we eluted Ponceau S dye from uncleared sheets by cutting out the bands of interest and soaking them in 2.0 mL of 0.1 mol/L NaOH for 1 h with intermittent vortex-mixing (10). The eluted dye solution was cleared by centrifuging (15 mm, 2000 rpm). We quantified the concentration of Ponceau S dye in the eluate by measuring absorbance at 550 nm.
Data analysis.
For all data analysis we used a desk-top computer (Model 9845B; Hewlett-Packard, Fort Collins, CO 80525). Computer programs were written in Hewlett-Packard BASIC. Selected densitometer response curves were fit to the function y = Ax -Bx2 where y was the densitometer integral and x was the actual albumin mass in an electrophoretic band. We used a computer algorithm in which a value for the coefficient A was selected, after which an iterative procedure determined the value of B that gave the lowest variance. By repeating this process with small increments in the value of A, we determined the values for A and B that gave the minimum combined variance. Plots of computer-generated curves were prepared on a x-y plotter.
Results and Discussion
Theory of the fixed-slit densitometer. Figure IA shows an idealized model of a stained albumin electrophoretic band being scanned with a rectangular slit of light. The slit travels along they axis, which is the direction of electrophoretic migration.
Note that slit width is defined as the dimension of the slit in they direction, and slit length is the dimension of the slit in the x direction. Absorbance at each point in the x-y plane is represented by elevation abovethe plane. The diagram emphasizes several prerequisites for accuracy of this method: (a) Slit length in the x direction is shorter than the chromophore band and the slit is accurately centered so that the edges of the band are not included in the slit; (b) slit width in they direction is small with respect to the y dimension of the chromophore band; and (c) at any instant in its traversal of the band, the chromophore under the slit is uniformly distributed. The last point can be expressed mathematically by saying that within the part of the chromophore band examined by the slit, the gradient of light intensity is uniformly 0 (dI/dx = 0 and dI/dy = 0). An example of uniform chromophore distribution is shown in Figure 1B , which represents a cross section of Figure IA at the y-coordinate indicated with an arrow. The reason for these criteria is that a single photodetector behind the rectangular slit measures the average of transmitted light in the slit, whereas the quantity of interest is 
Linear dye binding by human serum albumin.
To extend our photometric techniques for use with protein electrophoresis, we had to demonstrate that dye binding to albumin is directly proportional to albumin concentration.
To simulate typical clinical specimens, we used radiolabeled albumin solutions at concentrations as great as 40 g/L. After electrophoresis on cellulose acetate the samples were stained, and the stained protein zones were cut out, eluted, and diluted to a fixed volume. We then measured both radioactivity and absorbance at 550 nm for each specimen and found that the elution of radioactive protein was proportional to the Ponceau S dye eluted (Figure 3) . That all the dye was eluted was evidenced by the fact that no perceptible color remained in the uncleared cellulose acetate. Precise linearity of the plot Figure 4 shows the results of an experiment in which, after electrophoretic migration and staining, we cut out each stained zone from the surrounding cellulose acetate. The stained protein band was not cleared. After the radioactivity of intact protein band was counted, we eluted the protein and measured the radioactivity in the eluate.
Precise linearity of the plot of these two values for each standard establishes that counting an intact protein zone yields a precise determination of protein mass, and that individual protein bands can be accurately quantified without elution. In subsequent experiments, we measured protein mass by counting the 1I radioactivity in intact, cleared, and stained protein zones.
Photometric accuracy of the high-resolution densitometer.
Before comparing the performance of the high-resolution densitometer with that of a conventional scanned slit densitometer, we wanted to ascertain that both instruments were photometrically accurate; that is, we wanted to demonstrate that differences between measurements made by the two densitometers derived from different handling of an inhomogeneous chromophore distribution and not from an error in optical or electronic design. Consequently, we determined the absorbance of a graduated series of neutral density ifiters on both instruments.
The high-resolution densitometer and the commercial densitometer were both accurate for analysis of homogeneous specimens; with neutral density ifiters, the absorbance measurements from the two instruments were in excellent agreement up to an absorbance of
Advantages
of the high-resolution densitometer.
As a ALBUMIN, CPM x We scanned each band with the fixed-slit densitometer, using standard procedures to align and center the chromophore zones under the slit. The quantity of protein in each band was determined as the integral of the densitometer peak for that band. The slit length was 4 mm, compared with an average length of the albumin bands of 7 mm. We then scanned the same specimens with the high-resolution densitometer. Centering the specimens over the detector was not important because the photodiode array extended well beyond the edges of the albumin band. The absorbance was calculated for each pixel in the digitized image, and all absorbances were summed to yield the integrated absorbance over the entire albumin band.
The most conspicuous difference between these plots ( Figure 5 ) is the increased curvature in the line of best fit for the conventional densitometer.
The high-resolution response curve has significantly less curvature, and underestimation of high-protein concentrations is markedly lessened. This improvement is expected because chromophore gradients are larger in high-concentration samples, and averag- ing over a large slit will introduce greater relative errors in this setting. Also, the high-concentration protein bands are longer, so that a fixed-length slit will subtend a proportionally smaller fraction of the total band.
Another difference between the curves in Figure 5 is the scatter of individual points around the line of best fit. In the response curve for the high-resolution densitometer, all points are very close to the line of best fit (r = 0.9992). Scatter of individual points around the line of best fit is conspicuous in the conventional densitometer data (r = 0.9907) and can be attributed to variation of chromophore distribution in each band and random errors in positioning and centering the specimens in the densitometer. These sources of error are minimized with the high-resolution densitometer. (6, 11, 12) .
Deficiency
Computer model for a rectangular-slit densitometer. The digitized photometric image of an albumin band generated by the high-resolution densitometer represents a complete optical description of the specimen. Thus, mathematical algorithms can be devised to simulate the performance of any densitometer design that measures light transmittance of albumin bands. Figure 6 demonstrates the results of an experiment in which a computer program modeled the performance of a fixed-slit densitometer.
In the top tracing the slit length was about one-half of the length of the albumin band and slit width was about /5O of the width of the albumin band. By the computer algorithm, this slit was moved over the center of the digitized image and the average light transmittance for all pixels within the model slit was calculated at each point in the scan. Average transmittance within the slit was converted to absorbance, and absorbance was integrated over the entire scan. Note that the upper curve of Figure 6 is very similar to the curve produced by a commercial fixed-slit densitometer (lower plot, Figure 5 ); imprecision and curvature of the two plots are similar. In the lower curve of Figure 6 , the width of the model slit was extended to 2.4 mm (more than one-half of the albumin band width). The excessively wide slit results in severe attentuation of the bands for high albumin concentrations, because the light intensities from areas of differing absorbance within the large slit are averaged together; this accounts for the extreme curvature of the lower plot in Figure 6 .
In summary, although Ponceau S dye uptake by human serum albumin is a linear function of albumin mass, quantification of stained albumin bands with a conventional fixedslit densitometer is both inaccurate and imprecise. The inaccuracy of such measurements is attributable to two factors: (a) A single photodetector determines the average transmittance of light within the slit, from which absorbance is calculated; nonuniform distribution of chromophore within the large slit will cause systematic underestimation of albumin concentration.
(b) Transmittance of light by dye in the cleared cellulose acetate sheet does not obey Beer's law, so that the logarithmic transformation of transmittance measurements to absorbance is not appropriate. By using a high-resolution densitometer based on a photodiode array, we can solve the first problem by sampling light intensity at each point in a highly resolved grid. Replacing the logarithm transformation with a computer-derived calibration curve could render unimportant the non-Beer's law behavior of stained protein aggregates in the cleared cellulose acetate.
